Objective-Previous studies showed that low-density lipoprotein receptor (LDLR) mRNA 3′ untranslated region (UTR) contains regulatory elements responsible for rapid mRNA turnover in hepatic cells and mediates the mRNA stabilization induced by berberine (BBR). Here, we elucidate the underlying mechanism of BBR's action by characterizing mRNAbinding proteins that modulate LDLR mRNA decay via 3′UTR in liver tissue in vivo. Approach and Results-We generated a transgenic mouse model (Alb-Luc-UTR) that expresses Luc-LDLR3′UTR reporter gene driven by the albumin promoter to study 3′UTR function in mediating LDLR mRNA decay in liver tissue. We show that treating Alb-Luc-UTR mice with BBR led to significant increases in hepatic bioluminescence signals, Luc-UTR mRNA, and LDLR mRNA levels as compared with control mice. These effects were accompanied by specific reductions of mRNA decay-promoting factor heterogeneous nuclear ribonucleoprotein D (hnRNP D) in liver of BBR-treated mice.
C ardiovascular disease remains the leading cause of mortality and morbidity in the United States and other parts of the world. Mounting evidence from population-based data and clinical trials has demonstrated that low-density lipoproteinassociated cholesterol (LDL-c) reduction is an effective strategy to prevent coronary heart disease, to slow down atherosclerotic development, and to reduce mortality. 1, 2 The liver is the organ responsible for removing >70% to 80% of LDL-c from circulation via LDL receptor (LDLR)-mediated endocytosis. Therefore, the amount of LDLR expressed on the surface of hepatocytes is a major determinant of LDL-c circulating levels. [3] [4] [5] There is a direct correlation of high expression level of LDLR in liver with low LDL-c level in blood.
It has been well documented that the expression of hepatic LDLR is regulated by 3 distinct mechanisms: transcriptional, post-transcriptional, and post-translational mechanisms. The transcriptional regulation of the LDLR gene is primarily governed by intracellular cholesterol levels through its effect on the processing of active forms of transcription factors, sterol-regulatory element binding proteins (SREBPs), that bind to the SRE-1 site of the LDLR promoter and activates the gene transcription. 6, 7 The identification of proprotein convertase subtilisin/kexin type 9 (PCSK9) defined a cellular mechanism for controlling LDLR expression at the protein level. [8] [9] [10] [11] The post-transcriptional regulation of LDLR mRNA stability has been shown to be mediated through the mRNA 3′ untranslated region (3′UTR). [12] [13] [14] [15] Human LDLR mRNA contains a 2.5-kb-long stretch of 3′UTR 16 in which 3 AU-rich elements (AREs) were previously identified and shown to mediate the rapid turnover rate of LDLR mRNA in liver cells. 12, 13 AREs are the best characterized sequence determinants of messenger stability among known RNA cis-regulatory elements. 17 The destabilizing functions of ARE sequences are achieved through their interaction with ARE-binding proteins (ARE-BPs). 18 Some ARE-BPs are decay-promoting factors, such as KH-type splicing regulatory proteins (KSRPs), that interact with AREs and recruit RNA degradation machinery to the mRNA. 19 The ability of LDLR-AREs to target host mRNA toward degradation was first demonstrated 14 years ago in a heterologous system. It was shown that inclusion of the most 5′ ARE (ARE1) of the LDLR3′UTR into a β-globin fusion mRNA resulted in a 3-fold increase in its turnover rate, whereas inclusion of all 3 AREs to the coding region of β-globin mRNA resulted in further destabilization of the β-globin fusion transcripts. 20 Phorbol-12-myristate-13acetate was the first agent to show a regulatory effect on LDLR expression at the level of mRNA stability through its effect on sequences presence in the distal 3′UTR. 13 Other examples of LDLR mRNA stability regulation are bile acids 21 and gemfibrozil, a fibrate drug. 14 These 2 classes of compounds have been shown to increase mRNA levels of LDLR in HepG2 cells through mechanisms that affect LDLR mRNA turnover rate.
In addition to hepatoma cells, the effect of mRNA stability on the expression and function of LDLR was examined in a mouse model of type III hyperlipoproteinemia. 20 It was shown that expression of a human LDLR mRNA transcript with a deletion of ARE1-and ARE2-containing region in these hyperlipidemic mice resulted in a modest increase in the hepatic level of LDLR, which, however, produced significant reducing effects in total cholesterol and serum lipid levels. Although the mRNA stabilizing determinants were not further investigated, these in vitro and in vivo studies provided primary evidence supporting the notion that mRNA stability is an important mechanism to fine tune the expression of the LDLR gene in liver tissue.
The significance of 3′UTR in control of liver LDLR expression was further highlighted by our demonstration that the herbal medicine berberine (BBR), which reduced LDL-c in hyperlipidemic patients, 15, [22] [23] [24] increased LDLR mRNA half-life nearly 3-fold without affecting gene transcription in HepG2. 15 We have further mapped the effect of BBR to the 1 kb of 5′ proximal ARE-containing section in the LDLR mRNA 3′UTR. 15 To further understand how the decay of LDLR mRNA in liver cells is modulated through the regulatory elements of 3′UTR, we had taken a great effort to identify mRNA-binding proteins that specifically interact with LDLR mRNA 3′UTR. 25 By conducting small interfering RNA library construction and screening, reporter gene transfection, biotinylated RNA pull-down, mass spectrometry analysis, and functional assays, we had identified 3 ARE-BPs, heterogeneous nuclear ribonucleoprotein D (hnRNP D), hnRNP I, and KSRP as negative regulators of LDLR mRNA stability in HepG2 cells. Cellular depletion of these ARE-BPs by small interfering RNA transfection, individually or in combination, greatly elevated LDLR expression and activity to uptake LDL particles from the culture medium of HepG2 cells. Our results also suggested that interference with the ability of destabilizing ARE-BPs to interact with LDLR-ARE motifs could be an underlying mechanism for increased LDLR mRNA expression in BBR-treated HepG2 cells. 25 Although these mechanistic studies conducted in cell culture models have provided valuable information for understanding the important role of mRNA stability in control of LDLR expression in cultured hepatic cells in vitro, the critical question of which ARE-BP is the key player that modulates LDLR mRNA levels in liver tissue in vivo has not been addressed. Identification of the decay-promoting protein targeting LDLR mRNA 3′UTR in liver tissue is of clinical importance, and such studies could lead to the discovery of novel therapeutic targets for reducing plasma LDL-c levels in hypercholesterolemic patients.
In this current study, we generated a transgenic mouse model (Alb-Luc-UTR) to study the regulatory role of 3′UTR in LDLR mRNA stability under in vivo conditions. In this model, we engineered transgenic reporter mice that express luciferase-LDLR3′UTR (Luc-UTR) transgene under the control of mouse albumin promoter which directs the transgene expression in liver tissue specifically. By imaging Alb-Luc-UTR mice and examining endogenous genes, our studies identified hnRNP D as an important negative regulator of LDLR mRNA levels in liver tissue and its downregulation by BBR treatment.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

BBR Treatment Elevated LDLR mRNA Levels Exclusively Through 3′UTR in Liver of Alb-Luc-UTR Mice
The mouse albumin (Alb) promoter has been widely used to obtain constitutive target gene expression specifically in liver tissue. [26] [27] [28] To study the effect of BBR on LDLR mRNA expression mediated through 3′UTR in liver tissue, we generated a transgenic mouse model that expresses Luc-LDLR3′UTR reporter gene driven by the albumin promoter. The pAlb-Luc-UTR reporter construct ( Figure 1A ) was microinjected into fertilized oocytes of FVB mice to establish the transgenic lines. The tissue expression pattern of Luc-UTR transgene was visualized noninvasively in living mice using in vivo bioluminescent imaging. Figure 1B shows that intraperitoneal injection of luciferin into Alb-Luc-UTR mice resulted in strong emissions of photons from the liver region only, which confirmed the liver-specific expression of the transgene. Alb-Luc-UTR mice were treated with BBR (n=10) at a dose of 200 mg/kg per day for 14 days by oral gavage. The control group (n=10) received equal volume of vehicle. The bioluminescence live imaging was conducted before the treatment and at the last day of treatment on all mice. Figure 2A shows representatives of bioluminescent imaging of vehicletreated and BBR-treated mice. Figure 2B is the summarized imaging results (mean±SEM) showing that BBR treatment increased bioluminescence signal ≈2-fold over the control mice (P<0.05). Using quantitative reverse transcription polymerase chain reaction, we analyzed liver mRNA levels of Luc-UTR transgene ( Figure 2C ) and the endogenous mouse LDLR mRNA ( Figure 2D ). BBR treatment increased Luc-UTR mRNA levels by 2-fold (P<0.05) and elevated mouse LDLR mRNA levels by 30% (P<0.01) as compared with vehicle control. To rule out a transcriptional effect of BBR on Luc-UTR, we examined albumin mRNA levels in control and BBR-treated mice. The results confirmed the lack of inducing effect of BBR on albumin mRNA expression ( Figure 2E ). In addition to LDLR, we assessed mRNA levels of several genes involved in cholesterol biosynthetic pathway including SREBP2, SREBP1, 3-hydroxy-3-methylglutaryl (HMG) coenzyme A reductase (HMGCR), HMG coenzyme A synthetases (HMGCS1/2), fatty acid synthetase, acetyl coenzyme A carboxylase A, acetyl coenzyme A carboxylase B, and SREBP cleavage-activating protein in all liver samples. The results in Figure 2F showed that none of these mRNA levels were altered by BBR treatment. Altogether, these data provided the first in vivo demonstration that BBR upregulates LDLR mRNA expression primarily through the 3′UTR region.
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Identification of mRNA Destabilizing ARE Motifs in Mouse LDLR mRNA 3′UTR
Our previous 3′UTR deletion analysis has confined the BBRresponsive region to the 1-kb 5′ proximal section of the 3′UTR where 3 AREs are located. 15 Furthermore, mutation of each ARE site individually elevated Luc-UTR reporter activity. 25 To confirm the involvement of these ARE motifs in BBRenhanced LDLR mRNA stability, wild-type and ARE mutated constructs were examined for their responses to BBR induction in HepG2 cells. Comparisons of BBR activity on wild-type luciferase-UTR construct with ARE mutated reporters showed that the enhancing effect of BBR is reduced by ARE mutations ( Figure IA in the online-only Data Supplement). This suggests that these ARE sequences are possibly involved in the mRNA stabilizing process as well as in the rapid degradation process.
Because BBR increased the expression of Luc-UTR transgene that contains human LDLR3′UTR and raised mouse endogenous LDLR mRNA level in Alb-Luc-UTR mice, we hypothesized that BBR may regulate mouse ARE-BPs that could interact with same regulatory motifs present in both human and mouse 3′UTR sequences of LDLR transcripts. We performed a sequence alignment of human and mouse LDLR mRNA 3′UTR sequences, which revealed that 3 ARE motifcontaining sections of human 3′UTR sequence are highly conserved in mouse sequence ( Figure IB in the online-only Data Supplement). To examine the function of these ARE motifs in mediating LDLR mRNA degradation in mouse hepatic cells, we constructed 3 Luc reporters by insertion of individual AREcontaining sections adjacent to the 3′Luc coding sequence in pCMV-Luc vector (pLuc), yielding pLuc-ARE 1-3 vectors. Activities of the LDLR3′UTR full length and individual AREs in degradation of luciferase mRNA were tested in mouse hepatoma cell line Hepa 1-6 ( Figure IC in the online-only Data Supplement). Inclusion of full-length UTR led to an 80% reduction in luciferase activity. Inclusion of a single copy of each ARE segment significantly reduced Luc activity from 37% to 62% (P<0.001). These data demonstrated that 3 ARE motifs residing in 3′UTR mediate the degradation of human and mouse LDLR mRNAs in a similar fashion.
BBR Treatment Lowered the Liver Abundance of mRNA Destabilizing Protein hnRNP D
Our previous studies conducted in HepG2 cells identified 3 ARE-BPs (hnRNP D, hnRNP I, and KSRP) that specifically bound to ARE sites of LDLR mRNA 3′UTR sequence and mediated the mRNA degradation. 25 To address why BBR increased the mRNA expression of Luc-UTR transgene and endogenous LDLR transcript in mouse liver, we examined mRNA levels of hnRNP D, hnRNP I, and KSRP in vehicleand BBR-treated liver samples by quantitative reverse transcription polymerase chain reaction. Because hnRNP D mRNA comprises 4 isoforms that arise from alternative splicing of a single genetic locus, 29 we designed the primers that are capable of detecting all isoforms. Figure 3A shows that mRNA levels of hnRNP I and KSRP were not changed by BBR treatment. However, BBR reduced the total mRNA abundance of hnRNP D by 20% (P<0.05). To confirm this observation at the level of protein expression, we examined hnRNP D protein abundance in these liver samples ( Figure 3B ). hnRNP D has 4 isoforms of p37, p40, p42, and p45. [30] [31] [32] Western blotting with anti-mouse hnRNP D antibody detected p37 isoform as the prominent immunoreactive hnRNP D band in liver homogenates, and its signal intensity was ≈37% lower in BBRtreated livers (P<0.05) as compared with control samples.
To further demonstrate the role of hnRNP D in BBRmediated LDLR mRNA stabilization, we conducted another study by treating Alb-Luc-UTR mice with BBR for 3 days to assess the acute effects of BBR on transgene and endogenous LDLR mRNA expression in liver tissue. Examination of bioluminescence signal ( Figure 4A ) and the luciferase activity of isolated liver tissues ( Figure 4B ) confirmed the increased expression of Luc-UTR transgene in BBR-treated mice, which was corroborated by a 45% increase (P<0.05) in the endogenous mouse LDLR mRNA level ( Figure 4C ). Importantly, similar to the chronic treatment, the transient administration of BBR led to ≈25% decrease in hnRNP D mRNA ( Figure 4D ) and protein levels ( Figure 4E ) without affecting mRNA expressions of KSRP and hnRNP I. The liver LDLR protein levels in BBRtreated mice were slightly increased with statistic significance. Collectively, these 2 treatment studies consistently demonstrated that rises in LDLR mRNA level occurred concomitantly with declines of cellular abundance of hnRNP D protein, which provide the first in vivo evidence linking this decay-promoting ARE-BP to LDLR mRNA destabilization in liver tissue.
Knockdown of hnRNP D Increased LDLR mRNA Expression in Mouse Primary Hepatocytes
Next, we performed ex vivo experiments to examine the impact of depleting hnRNP D on hepatic LDLR mRNA expression. To this end, first, we compared the expression pattern of hnRNP D isoforms in mouse liver, mouse primary hepatocytes, and mouse hepatoma-derived cells (Hepa 1-6; Figure IIA in the Figure 5A ), the protein amount of p37 isoform was reduced by 60% as compared with cells infected with control virus Ad-GFP, and the p45 isoform was decreased to a level of below detection, which was accompanied by increased LDLR protein levels in Ad-shHNRNPD-infected hepatocytes ( Figure 5B ). The amount of LDLR mRNA was markedly increased by 50% and 75% at 20 and 50 multiplicity of infection of Ad-shHNRNPD, respectively ( Figure 5A ). By contrast, mRNA levels of other mRNA-binding proteins (hnRNP I, KSRP) as well as SREBP2 target genes (HMGCR, PCSK9) in mouse primary hepatocytes were not affected by Ad-shHNRNPD infection ( Figure 5C ), thus confirming the specific targeting effect of the shRNA to hnRNP D. The reduction of hnRNP D by Ad-shHNRNPD transduction with a consequential increase in LDLR protein level was also observed in mouse hepatoma-derived cells ( Figure 5D ).
We further examined the effects of hnRNP D shRNA expression on BBR-regulated LDLR protein expressions in HepG2 cells. As shown in Figure 5E , hnRNP D protein levels were markedly reduced in Ad-shHNRNPD-infected HepG2 cells, which was accompanied with 37% increase in LDLR protein abundance. Furthermore, the BBR-inducing effects on LDLR protein levels were clearly diminished in Ad-shHNRNPDinfected cells as compared with cells infected with Ad-GFP.
hnRNP D p37 Is the Principal Isoform in Hepatic LDLR mRNA Degradation
It has been shown that the extent of destabilizing effect of hnRNP D varies among the 4 isoforms, depending on the target mRNAs as well as cell types. 30, 33 To determine which isoform has the most profound effect on LDLR mRNA in liver cells, pLuc-LDLR3′UTR reporter was cotransfected with individual plasmids that encode mouse hnRNP D single isoforms into Hepa 1-6 and HepG2 cells ( Figure IIIA in the onlineonly Data Supplement). The results showed that exogenous expression of p37 or p40 markedly reduced luciferase activity by ≈80% in Hepa 1-6 cells and by 50% to 60% in HepG2 cells. In Hepa 1-6 cells, hnRNP D p42 and p45 isoforms displayed modest activities, whereas p42 did not repress the reporter activity in HepG2 cells. Western blotting using anti-Flag antibody demonstrated similar expression levels among 4 isoforms in transfected cells ( Figure IIIB in the online-only Data Supplement). Considering the fact that p37 is the abundant isoform in mouse liver, these results point p37 as the key player in promoting LDLR mRNA decay in liver tissue.
To determine whether overexpression of hnRNP D could affect BBR-mediated LDLR mRNA stability through 3′UTR, we cotransfected pLuc-LDLR3′UTR reporter with p37 or p42 plasmid, and the transfected cells were either treated with BBR or vehicle dimethyl sulfoxide for 24 hours. The results showed that p37 and p42 overexpression not only reduced the luciferase activity in control cells but they also lowered the induction of luciferase activity by BBR treatment ( Figure  IIIC in the online-only Data Supplement), which provided additional evidence supporting the functional involvement of hnRNP D in BBR-mediated stabilization of LDLR mRNA.
In addition to mRNA-binding proteins, we explored the possibility that microRNA (miRNA) plays a role in the regulation of LDLR mRNA stability by BBR. We treated HepG2 cells with BBR for 4, 8, and 24 hours or dimethyl sulfoxide at each time point. After total RNA isolation, we validated the BBR effects on LDLR mRNA expression in these cells by quantitative reverse transcription polymerase chain reaction. BBR induced a time-dependent elevation of LDLR mRNA levels as shown in Figure IVA in the online-only Data Supplement. Thus, 3 sets of miRNA gene array were conducted. Using a cutoff threshold of 1.5-fold change and a false discovery rate threshold of 0.05, we identified 7 miRNAs that have target sequences in human LDLR mRNA 3′UTR and were downregulated by BBR treatment at ≥1 time point as shown in Table II in the online-only Data Supplement. Two miRNAs, miR-1244 and miR-1979, have no binding sites in LDLR3′UTR but they were substantially downregulated by BBR, thus they were included in our validation studies. We used anti-miRNAs to individually deplete these 9 miRNAs in HepG2 cells and examined the effects of knockdown on LDLR3′UTR reporter activity, LDLR mRNA, and protein expressions. The results presented in Figure IVB to IVD in the online-only Data Supplement showed that none of these anti-miRNAs produced a measurable result in altering LDLR mRNA or protein expression. These negative results of miRNA studies provided additional support indirectly to underscore the important role of mRNA decay-promoting factor hnRNP D in LDLR mRNA degradation in liver tissue.
Involvement of hnRNP D in LDLR mRNA Stability in Nonhepatic Cell Lines
Finally, we assessed the function of 3′UTR in modulating LDLR mRNA stability in cell types derived from extra hepatic tissues. To this end, we conducted LDLR3′UTR reporter assays in H9c2 cardiomyocytes, 34 A7r5 vascular myocytes, 35 and mouse adrenal Y1 cells 36 along with hepatic cells (HepG2, Hepa 1-6; Figure 6A ). LDLR3′UTR exhibited a stronger activity in reducing luciferase activity in hepatic cells as compared with that in H9c2 and A7r5 cells. A relative strong decaypromoting effect of 3′UTR was also observed in Y1 cells. Western blot analysis of hnRNP D revealed significant lower levels of p37 and p40/42 isoforms in H9c2 and A7r5 cells ( Figure 6B ) than that in hepatic and Y1 cells. In addition to Luc assay and hnRNP D expression analysis, we measured LDLR mRNA half-lives in these cell lines ( Figure 6C ). Actinomycin D was added to cells for different times to block new mRNA synthesis, and the decay rate of LDLR mRNA was determined by measuring remaining mRNA levels with quantitative reverse transcription polymerase chain reaction. The results showed that the half-lives of LDLR transcript in A7r5 and H9c2 cells were 8.4±0.5 and 4.1±0.1 hours, which were considerably longer than the half-life of LDLR mRNA in HepG2 cells (1.5±0.1 hours) and Hepa 1-6 cells (2.7±0.2 hours), respectively. We also measured LDLR mRNA half-life in mouse primary hepatocytes which displayed a longer half-life (4.5±0.1 hours) than HepG2 and Hepa 1-6 cells as well as the reported 1-hour halflife of mouse liver. 20 Examination of hnRNP D expression in mouse primary hepatocytes ( Figure IIA in the online-only Data Supplement) showed that they had substantially lower p37 protein levels as compared with mouse liver and Hepa 1-6 cells, which could explain the longer LDLR mRNA half-life observed. In the mRNA decay experiments conducted in these cell lines and mouse primary hepatocytes, we measured the decay rates of cyclin D1 mRNA, which did not show substantial differences ( Figure V in the online-only Data Supplement).
Next, we examined the effects of exogenous expression of p37 or p40 isoforms on LDLR3′UTR activity in H9c2 cardiomyocytes ( Figure 6D ). Expressions of either isoform did not affect the pLuc control reporter activity but reduced pLuc-LDLR3′UTR Luc activity to 57% and 45% of control. Collectively, these data obtained from various cell lines suggest that 3′UTR regulates LDLR mRNA stability with cell-type specificity and variable expression levels of hnRNP D in different cell types might be an underlying factor contributing to the strength of 3′UTR in LDLR mRNA degradation in a particular cell type or a tissue. 
Discussion
The expression of liver LDLR regulates human plasma LDL-c homeostasis. Increased hepatic LDLR expression results in improved clearance of plasma LDL-c through receptormediated endocytosis, which has been strongly associated with a decreased risk of developing cardiovascular disease in humans. The LDL-c lowering effect of the herbal medicine BBR has been demonstrated in multiple clinical studies across the globe. [22] [23] [24] 37, 38 Our previous studies, almost a decade ago, had identified the LDLR mRNA stabilization being the The relative signal intensity of hnRNP D in HepG2 is expressed as 1. C, Cells were treated with actinomycin D (5 µg/mL) for different intervals. Total RNA was isolated and analyzed for the amounts of LDLR mRNAs by quantitative reverse transcription polymerase chain reaction. The LDLR mRNA levels were plotted as the percentage of the mRNA remaining. Decay curves were plotted vs time. The T 1/2 (mean±SEM) from each cell line was derived from separate experiments as indicated; the mouse primary hepatocytes T 1/2 (mean±SEM) was derived from a single experiment with quadruple RNA samples per time point. D, H9c2 cells were cotransfected with pLuc-LDLR3′UTR and plasmids encoding hnRNP D isoform p37, p40 or the empty vector (mock). pLuc was included in this assay as negative control.
underlying mechanism for increased LDLR mRNA levels in HepG2 cells on BBR treatment. It is thought that the same mechanism accounted for the increased LDLR mRNA levels in liver of BBR-treated animals and responsible for lowering cholesterol in hyperlipidemic patients. However, until this study, there is no investigation to validate or challenge this BBR action mechanism under in vivo conditions.
We set out to establish a mouse model (Alb-Luc-UTR) to examine the effect of BBR on liver LDLR mRNA expression through LDLR3′UTR region without the involvement of transcriptional components. Driven by the liver-specific albumin promoter, the Luc-UTR transgene is exclusively expressed in liver tissue. Bioluminescence imaging exhibited the strong emission of photons in liver tissue on luciferin injection. BBR administration in Alb-Luc-UTR mice either chronically (14 days; Figure 2 ) or acutely (3 days; Figure 4 ) elevated bioluminescent signals and increased mRNA levels of Luc-UTR transcript and endogenous LDLR mRNA in liver. Importantly, increases of Luc-UTR transgene and LDLR mRNA levels occurred in the absence of changes in albumin mRNA levels or the activation of SREBP pathways. These results, for the first time, validated the action mechanism of BBR in stabilizing LDLR mRNA in hepatic cells under in vivo conditions. In both BBR treatment studies, we observed that the inductive effect of BBR on endogenous LDLR mRNA expression was less potent than that of Luc-UTR transgene expression. The reason for this differential effect was not clear. One possible explanation would be that the transcription of liver LDLR gene is active in mice fed a regular chow diet. The high basal level of LDLR mRNA could diminish the inducing effect of BBR.
Our previous work conducted in HepG2 cells have identified hnRNP D, hnRNP I, and KSRP as LDLR ARE-BPs. 25 However, it was unknown whether these ARE-BPs are functionally involved in LDLR mRNA decay in liver tissue. Thus, the second goal of the current study was to identify the mRNA destabilizing proteins that mediate hepatic LDLR mRNA degradation in Alb-Luc-UTR mice. We have now demonstrated that the mRNA and protein levels of hnRNP D were specifically reduced by BBR treatment in Alb-Luc-UTR mice, which correlated with elevated endogenous LDLR mRNA and Luc-UTR mRNA levels. These novel in vivo findings were further supported by our ex vivo experiments conducted in mouse primary hepatocytes in which depletion of this ARE-BP by shRNA resulted in a substantial increase in LDLR mRNA levels. hnRNP D also called AU-binding factor 1 comprises 4 isoforms (p37, p40, p42, p45). One study has shown that the extent of destabilizing effect varied among the 4 isoforms, with p37 and p42 displaying the most profound effect. 30 Because we have shown that p37 is the abundant isoform expressed in liver of Alb-Luc-UTR mice and mouse primary hepatocytes, it is important to demonstrate that p37 is highly capable of degrading LDLR mRNA. Indeed, through LDLR3′UTR reporter assays, we showed that exogenous expression of p37 markedly lowered luciferase activity in both mouse hepatic cells and HepG2 cells ( Figure IIIA in the online-only Data Supplement). These data together identify hnRNP D p37 isoform as the key player in promoting LDLR mRNA degradation in liver tissue.
Knockdown studies in HepG2 cells provided the initial evidence that hnRNP D is also involved in BBR-induced LDLR mRNA stabilization in this hepatic model cell line without significant reductions of hnRNP D protein levels by BBR treatment ( Figure 5E ). We have previously demonstrated that the MAP kinase MEK-ERK signaling pathway is critically involved in BBR's action mechanism. 15 A recent study has linked ERK signaling pathway with the nuclear export of p42 isoform and its stabilizing activity to the 3′UTR of COX-2 mRNA in human synovial fibroblast. 39 It is possible that BBR treatment affected the phosphorylation status of hnRNP D and consequently reduced its ability to bind LDLR-ARE sequences in HepG2 cells. Further studies are required to fully understand the role of hnRNP D in BBR-mediated LDLR mRNA stabilization in HepG2 cells.
In addition to study the BBR effect on LDLR3′UTR in liver tissue and hepatic cells, we explored a possible role of hnRNP D in regulating LDLR mRNA stability in cell types derived from tissues such as heart in which intracellular levels of cholesterol are not as fluctuated as that in liver. Our results showed that cardiac cells (H9c2 and A7r5) have longer half-life of LDLR mRNA and reduced destabilizing activity of 3′UTR, which were consistent with the observation that hnRNP D expression levels in H9c2 and A7r5 were notably lower than that of hepatic cells. By cotransfection of p37 or p40 isoform with pLuc-LDLR3′UTR construct into H9c2 cells, we further demonstrated that exogenous expression of each isoform accelerated luciferase mRNA degradation in cardiomyocytes. These in vitro studies suggest that 3′UTR regulates LDLR mRNA stability with cell-type/tissue specificity and its activity positively correlates with cellular levels of hnRNP D p37 isoform.
It is worthy to note that in this study the LDLR mRNA halflife in isolated primary hepatocytes was notably longer than the reported half-life of mouse liver tissue 20 and hepatoma cell lines ( Figure 6A ) and this increased stability correlated with the reduced hnRNP D expression. Defining a BBRindependent mechanism that regulates hnRNP D expression will be an important question for future investigation.
In summary, we have generated a Luc-UTR in vivo model to study the regulation of LDLR mRNA stability in liver tissue of living mice. The inverse relationship of hnRNP D abundance and LDLR mRNA levels after BBR treatment of Alb-Luc-UTR mice suggests a critical function of hnRNP D in mediating hepatic LDLR mRNA degradation and the potential of hnRNP D of being a novel therapeutic target for LDL-c lowering. 
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